Fragile X syndrome (FXS) is the most common form of inherited intellectual disability and autism spectrum disorder. FXS is caused by silencing of the FMR1 gene, which encodes fragile X mental retardation protein (FMRP), an mRNAbinding protein that represses the translation of its target mRNAs. One mechanism by which FMRP represses translation is through its association with cytoplasmic FMRP-interacting protein 1 (CYFIP1), which subsequently sequesters and inhibits eukaryotic initiation factor 4E (eIF4E). CYFIP1 shuttles between the FMRP-eIF4E complex and the Rac1-Wave regulatory complex, thereby connecting translational regulation to actin dynamics and dendritic spine morphology, which are dysregulated in FXS model mice that lack FMRP. Treating FXS mice with 4EGI-1, which blocks interactions between eIF4E and eIF4G, a critical interaction partner for translational initiation, reversed defects in hippocampus-dependent memory and spine morphology. We also found that 4EGI-1 normalized the phenotypes of enhanced metabotropic glutamate receptor (mGluR)-mediated long-term depression (LTD), enhanced Rac1-p21-activated kinase (PAK)-cofilin signaling, altered actin dynamics, and dysregulated CYFIP1/eIF4E and CYFIP1/Rac1 interactions in FXS mice. Our findings are consistent with the idea that an imbalance in protein synthesis and actin dynamics contributes to pathophysiology in FXS mice, and suggest that targeting eIF4E may be a strategy for treating FXS.
INTRODUCTION
Fragile X syndrome (FXS) is the most commonly inherited form of intellectual disability (ID) and autism spectrum disorder (ASD) (1) . FXS is typically caused by transcriptional silencing of the X-linked fragile X mental retardation 1 (FMR1) gene and results in the loss of the encoded protein product, fragile X mental retardation protein (FMRP), an mRNA-binding protein (2-4) that regulates dendritic transport (5) and controls the translational repression of specific mRNAs (2, 6) . In the absence of FMRP, it is believed that many mRNA targets are up-regulated (6) , resulting in increased protein synthesis in the brain (7) . One translation-repressing function of FMRP is achieved with the assistance of the cytoplasmic FMRP-interacting protein 1 (CYFIP1), which sequesters the cap-binding eukaryotic initiation factor 4E (eIF4E) and thereby prevents the initiation of translation of specific mRNAs tethered to FMRP (8, 9) . eIF4E binds to the m 7 G cap structure at the 5′ terminus of mRNA and is involved in regulating the initiation step of protein synthesis (10) . When eIF4E binds to the eIF4G, other initiation factors and ribosomal proteins are recruited to the mRNA so that protein synthesis can begin. eIF4E is tightly regulated by signaling pathways mediated by the mechanistic target of rapamycin complex 1 (mTORC1) and extracellular signal-regulated kinase (ERK). 4E-binding proteins (4E-BPs), such as brain-enriched 4E-BP2, CYFIP1, and neuroguidin, control the association of eIF4E with eIF4G by binding and inhibiting eIF4E (9) (10) (11) (12) (13) (14) (15) . Upon activation, mTORC1 phosphorylates and inhibits 4E-BP2, thereby releasing eIF4E so that it can bind to eIF4G (11) (12) (13) (16) (17) (18) . The ERK signaling pathway also controls translation initiation via phosphorylation of eIF4E by the kinases MNK1 and MNK2, which is believed to facilitate the formation of the translation initiation complex (19) (20) (21) .
FMRP and mRNAs are localized in dendritic spines (22) , and the FMRP-CYFIP1-eIF4E inhibitory complex ensures an appropriate rate of local protein synthesis in response to synaptic activity, which is fundamental for triggering multiple forms of long-term synaptic plasticity at glutamatergic synapses, including long-term potentiation (LTP) and metabotropic glutamate receptor (mGluR)-dependent long-term depression (LTD) (3, 23, 24) . Accordingly, mouse models of FXS are characterized by widespread alterations in synaptic plasticity (3, 25, 26) , dysregulated mRNA translation, and aberrant forms of LTP and LTD in cortex and hippocampus (27) (28) (29) . Particularly important for FXS are group 1 mGluRs, which trigger protein synthesis resulting in LTD at glutamatergic synapses in hippocampal area CA1 (30) (31) (32) (33) (34) . On the basis of the finding that mGluR-LTD is exaggerated in the hippocampus of FXS model mice (27) , it was proposed that the lack of FMRP results in exaggerated translation of synaptic plasticity-related mRNAs downstream of group 1 mGluR activation (35) . In addition, enhanced protein synthesis observed in the brains of FXS model mice is occluded by stimulation of group 1 mGluRs but is normalized by inhibition of the same class of receptors (7, 36, 37) . mTORC1, ERK signaling, and an increase in association of eIF4E with eIF4G in the eIF4F initiation complex are enhanced in the hippocampus of FXS model mice (38) (39) (40) . Moreover, inhibition of components of the mTORC1 and ERK signaling pathways that couple mGluRs to protein synthesis normalizes aberrant phenotypes in FXS model mice (38, 39, (41) (42) (43) (44) (45) (46) .
Finally, either genetic deletion of 4E-BP2 (47) or overexpression of eIF4E (48) generates ASD-like behaviors and altered synaptic function in mice similar to those displayed by FXS model mice, suggesting that dysregulation of signaling pathways that regulate protein synthesis is a common pathogenic pathway involved in both FXS and ASD (49, 50) .
Structural changes in dendritic spine morphology are important for synaptic plasticity, and the signaling pathways that control actin dynamics are involved in the reorganization of spine cytoskeleton occurring during long-lasting forms of synaptic plasticity (51) (52) (53) (54) . One of the more striking phenotypes described in both FXS model mice and FXS patients are changes in dendritic spine morphology, which are characterized by increased numbers of long, thin dendritic spines relative to the more mature mushroom-shaped spines (55, 56) . This observation suggests that the absence of FMRP disturbs the cytoskeletal machinery responsible for the structural and synaptic plasticity of dendritic spines.
The Rho family of small guanosine triphosphatases (GTPases), including Rac1, are signaling molecules that regulate actin dynamics in response to synaptic activity (57) (58) (59) (60) . Rac1 cycles between an inactive guanosine diphosphate (GDP)-bound and an active guanosine triphosphate (GTP)-bound conformations controlled by the catalytic activity of guanine exchange factors (GEFs) and GTPase activating proteins (GAPs), respectively (61) . Rac1 signaling pathway has been implicated in learning and memory and in X-linked ID, which is also characterized by abnormalities in dendritic spine morphology (54, 62) . Active Rac1 regulates actin dynamics by activating Rho-associated kinases (ROCK), such as p21-activated kinases (PAKs) (63) , which, in turn, determine the phosphorylation of cofilin at Ser 3 via activity of LIM motif-containing protein kinases 1 and 2 (LIMK1/2) (64, 65) . Cofilin is an actin-binding protein that regulates actin turnover, and its dephosphorylation leads to polymerization and stabilization of actin filaments, and suppresses actin turnover (66) . Accumulating evidence suggests a link between the Rac1-PAK pathway and FMRP. In Drosophila, orthologs of Rac1 and Fmr1 are genetically linked (67) . In murine fibroblasts, FMRP is connected to Rac1 and the actin remodeling functions of Rac1 are altered in the absence of FMRP (68) , and activation of Rac1-PAK pathway induced by synaptic activity is defective in FXS model mice (54) . Notably, structural, synaptic, and behavioral phenotypes displayed by FXS model mice are rescued either by genetically expressing a dominant-negative form of PAK or by pharmacological blockade of PAK (69) (70) (71) .
Active Rac1-GTP also regulates actin dynamics by recruiting CYFIP1 to the Wave regulatory complex (WRC) (67, 72) . On the basis of this observation, it was proposed that CYFIP1 is associated with two distinct protein complexes: FMRP-CYFIP1-eIF4E, which represses translation of specific mRNAs, and Rac1-WRC, which regulates actin dynamics (73) . Synaptic activity changes the equilibrium of CYFIP1 between the two complexes and promotes protein synthesis as well as morphological and synaptic plasticity (67, 72, 74) .
Here, we show that inhibiting the association of eIF4E to eIF4G with 4EGI-1 (48, 75, 76) reverses memory deficits and altered dendritic morphology in the hippocampus of FXS model mice. In addition, we show that the Rac1-PAK pathway is activated downstream of mGluRs and is defective in hippocampal area CA1 of FXS model mice. Treatment of hippocampal slices with 4EGI-1 creates free eIF4E that can compete with Rac1-GTP for the binding of CYFIP1. Thus, in the presence of 4EGI-1, abundance of the FMRP-CYFIP1-eIF4E complex increases, whereas that of the CYFIP1-Rac1-GTP-WRC complex decreases. Furthermore, the decrease of CYFIP1-Rac1-GTP reduces the overactivation of Rac1-PAK-cofilin signaling in FXS model mice. Thus, restoring the balance between signaling pathways that regulate protein synthesis and actin dynamics normalizes hippocampal phenotypes in FXS model mice.
RESULTS
Inhibition of eIF4E-eIF4G interactions normalizes cognitive impairments and spine morphology in FXS model mice FXS model mice are characterized by an increased association of eIF4E with eIF4G, exaggerated net protein synthesis, ASD-like behaviors, and altered synaptic function (38) (39) (40) (41) that are similar to ASD mouse models with either genetic deletion of 4E-BP2 (47) or overexpression of eIF4E (48) . Because administration of 4EGI-1, which inhibits eIF4E-eIF4G interactions, rescues multiple ASD-like phenotypes in 4E-BP2 knockout and eIF4E transgenic mice (47, 48) , we asked whether 4EGI-1 had similar effects in FXS model mice.
FXS model mice exhibit impairments in specific learning and memory tasks such as context discrimination (77, 78) . Context discrimination is a hippocampus-dependent form of associative learning in which mice are trained to discriminate between two environments, one in which they receive a shock (S+) and the other in which they do not (S−). The chambers have both unique and shared cues (79, 80) . In this test, a discrimination ratio was calculated using the percentage of time spent freezing in the neutral context (S−) divided by the percentage of time spent freezing in the shock-paired context (S+). We first trained FXS model mice and their wild-type littermates in the two contexts on day 1. During the acquisition phase of the task, all the mice displayed a discrimination ratio close to zero irrespective of their genotypes or treatments (Fig. 1A) . This result suggests that the two contexts (S+ and S−) are not intrinsically aversive to the mice. The following day (day 2), we performed the context discrimination test after 4EGI-1 was infused into the lateral ventricle of the mice at a dose (100 mM) previously used in experiments of auditory threat conditioning (81) . One hour after infusion of either 4EGI-1 or vehicle, we placed the mice in the S− context and then the S+ context after a 1.5-hour intertrial interval. We found that FXS model mice displayed an increased discrimination ratio, resulting from higher freezing behavior in the S− context relative to wild-type mice (Fig. 1B) , which indicates that the FXS mice have impairments in the ability to discriminate between the S+ and S− contexts. Infusion of 4EGI-1 significantly attenuated the impairment in context discrimination in FXS mice (Fig. 1B) . In contrast, wild-type mice were able to discriminate between the two contexts regardless of drug treatment (Fig. 1B) . These results indicate that FXS model mice are impaired in context discrimination, which is normalized by 4EGI-1.
Another phenotype shared by FXS, eIF4E transgenic, 4E-BP2 knockout mice, as well as FXS and ASD patients, is altered dendritic spine density and morphology (55, 56) . Because abnormal spine density is normalized in FXS model mice by inhibiting upstream modulators of eIF4E (39), we proceeded to determine whether 4EGI-1 could also normalize the increased density of dendritic spines previously described in the hippocampus of FXS model mice (55, 56) . We infused either 4EGI-1 or vehicle into the ventricles of wild-type and FXS model mice and performed Golgi staining on the brains 24 hours later. We measured the spine density from primary apical dendrites in stratum radiatum of area CA1 of the hippocampus. We found that there was a significant difference between genotype and drug treatment (Fig. 1, C and D) . Specifically, there was a significant increase in spine density in FXS model mice compared to wild-type littermates. In contrast, there was no difference between wild-type mice treated with vehicle and FXS model mice treated with 4EGI-1, indicating that 4EGI-1 normalized the increased spine density present in FXS model mice. Moreover, there was no significant difference in spine density between wild-type mice treated with either vehicle or 4EGI-1, indicating that 4EGI-1 does not markedly alter spine density in wild-type mice (Fig. 1, C and D) . In addition, we analyzed two morphological classes of spines, namely, mature (which included stubby, mushroom, and branched spines) and immature (which included filopodia and long thin spines) (Fig. 1E) . The density of immature spines was significantly increased in FXS model mice and was normalized (restored to wild-type levels) by 4EGI-1 treatment. In contrast, the density of mature spines was not significantly different between either genotypes or treatments, although there was a trend for 4EGI-1 to reduce mature spine density in FXS mice (Fig. 1E) . These results indicate that FXS model mice display increased density of specifically immature spines and that 4EGI-1 normalizes this increase (Fig. 1, C to E).
4EGI-1 normalizes increased mGluR-LTD in FXS model mice
Consistent with the increase in eIF4E-eIF4G interaction, basal protein synthesis is increased and mGluR-dependent LTD is enhanced in FXS model mice, suggesting that many of the phenotypes displayed in FXS model mice are because of excessive protein synthesis downstream of group 1 mGluRs (7, 27, 35, 36) . We recorded field excitatory postsynaptic potentials (fEPSPs) in the stratum radiatum of CA1 hippocampal neurons in response to Schaffer collateral stimulation and induced mGluR-LTD by applying 3,5-dihydroxyphenylglicine (DHPG; 10 min, 50 mM), an agonist of group 1 mGluRs, either with or without 4EGI-1 (preincubated for at least 40 min, 100 mM). In agreement with previous studies, we observed similar baseline synaptic transmission between hippocampal slices obtained from wild-type and FXS model mice (Fig. 2 , A to C) but enhanced mGluR-LTD (induced by application of DHPG; 50 mM for 10 min) in hippocampal area CA1 of slices from FXS model mice (Fig. 2, A , B, and D). Notably, application of 4EGI-1 (100 mM for at least 40 min before the start of the recordings) significantly reduced mGluR-LTD in FXS model mice (Fig. 2 , B and D). Application of 4EGI-1 did not alter mGluR-LTD in wild-type mice (Fig. 2 , A and D). This finding is consistent with similar observations from mGluR-LTD experiments performed in the presence of cercosporamide, an inhibitor of eIF4E phosphorylation, in wild-type and FXS model mice (39) . These experiments suggest that altered eIF4E function is involved in the expression of enhanced mGluR-LTD in FXS model mice but that it is not sufficient for mGluR-LTD in wild-type mice.
In contrast to wild-type mice, hippocampal mGluR-LTD in FXS model mice is insensitive to general protein synthesis inhibitors (27, 38, 82, 83) . Therefore, we asked whether the normalized mGluR-LTD in slices from FXS mice treated with 4EGI-1 was sensitive to the general protein synthesis inhibitor anisomycin. Toward this end, we incubated hippocampal slices obtained from wild-type and FXS model mice with anisomycin (20 mM) and 4EGI-1 (100 mM) and induced mGluR-LTD. Concomitant application of anisomycin with 4EGI-1 blocked mGluR-LTD in wild-type slices (Fig. 2 , A and D), consistent with previous results (27, 38) . In contrast, coapplication of anisomycin and 4EGI-1 did not significantly alter the effects of 4EGI-1 alone on mGluR-LTD in slices from FXS model mice (Fig. 2 , B and D), suggesting that LTD is sensitive to targeted eIF4E/cap-dependent translation inhibitors and insensitive to general protein synthesis inhibitors. Because general protein synthesis inhibitors such as anisomycin block both cap-dependent and cap-independent protein synthesis, our result indicates that mGluR-LTD in FXS is still independent on protein synthesis and that the mechanism of action of 4EGI-1 may affect simultaneously other signaling pathway(s) (that is, actin dynamics). Application of 4EGI-1 alone or with anisomycin did not alter baseline synaptic transmission in either wild-type or FXS model mice (Fig. 2C) . These results indicate that inhibition of eIF4E-eIF4G interactions in FXS model mice reduces enhanced mGluR-LTD via a molecular mechanism independent of protein synthesis. (E) Analysis of spine density in mice described in (C), distinguishing immature (filopodia and thin) and mature (stubby, mushroom, and branched) spines. For the immature spine densities, comparisons of genotype (F 1,26 = 7.37), treatment (F 1,26 = 7.5), and time × treatment interaction (F 1,26 = 4.3) were significantly different by two-way ANOVA, each *P < 0.05; **P < 0.01 by Tukey's multiple comparisons test. Difference among mature spine densities was not significant by two-way ANOVA.
Rac1 (9, 67, 72) . In the absence of FMRP, both eIF4E-binding dynamics and Rac1-actin remodeling functions are altered in murine fibroblasts (9, 68) , and the gene orthologs of Rac1 (dRac1) and Fmr1 (dFmr1) are genetically linked in Drosophila (67). For example, aberrant eye morphology observed in flies overexpressing dFmr1 is enhanced by dRac1 overexpression and suppressed by reduced dRac1 expression (67) . Moreover, Rac1 has been implicated in the etiology of FXS (67, 72, 74) . For example, Rac1 abundance is increased in the brains of FXS patients, suggesting that RAC1 mRNA expression is repressed by FMRP (84) . Thus, we asked whether Rac1 levels were altered in FXS model mice. Western blot analyses of the hippocampal CA1 region of 3-to 6-week-old mice revealed no significant difference in Rac1 abundance between FXS model mice and their wild-type littermates (Fig. 3A) . However, using a PAK pull-down assay consisting of a glutathione agarose matrix fused to the p21-binding domain (PBD) of PAK, which specifically binds the active form of Rho-GTPases (see Materials and Methods), we found increased Rac1-GTPase activity in the FXS model mice (Fig. 3B) , indicating that baseline activation, albeit not protein abundance, of Rac1 is increased in FXS model mice. Rac1 is a Rho-GTPase that regulates actin dynamics at synapses by controlling the activation of PAK1/2 (57, 85) . PAK1/2 may be involved in FXS pathology, given that pharmacological (71) 3C ). This increased phosphorylation was accompanied by increased phosphorylation of cofilin at Ser 3 in the FXS model mice (Fig. 3D) . We found no difference in total abundances of PAK1/2, cofilin, and tubulin between wild-type and FXS mice (Fig. 3 , E to G). These results indicate that Rac1-PAK1/2-cofilin signaling activity is altered in the hippocampal area CA1 of FXS model mice.
Increased phosphorylation of PAK1/2 and cofilin affects actin polymerization (51, 57) . Specifically, phosphorylation of actin-binding proteins, such as cofilin, inactivates actin turnover that results in enhanced polymerization and stabilization of actin filaments (86, 87) . Actin polymerization can be measured by analyzing the amount of monomeric globular actin (G-actin) and polymerized filamentous actin (F-actin) in cells and tissues. Because the transition between these two forms of actin is dynamic and controlled by synaptic activity (51, 57), we analyzed the ratio of F-actin to G-actin in hippocampal area CA1 of FXS model mice and their wild-type littermates. We found that the ratio of F-actin to G-actin, which reflects the balance between actin polymerization and depolymerization, is increased in FXS model mice (Fig. 3H) . Overall, these results indicate that the Rac1-PAK1/2-cofilin pathway and the actin polymerization/depolymerization equilibrium are up-regulated in hippocampal area CA1 of FXS model mice.
Actin dynamics are normalized by inhibition of eIF4E-eIF4G interactions in FXS model mice It has been reported that activation of the Rac1-PAK pathway induced by synaptic activity is defective in the absence of FMRP (54) . Accumulating evidence indicates that multiple signaling pathways (such as ERK and mTORC1), synaptic plasticity, and structural plasticity are defective in FXS model mice (25, 38, 39, 41, 43, 44, 46) . Because the aforementioned signaling pathways are downstream of group 1 mGluRs in FXS model mice (25, 38, 39, 41, 43, 44, 46) , we first asked whether the Rac1-PAK1/2-cofilin signaling pathway that is up-regulated in FXS model mice (Fig. 3) is normally activated downstream of group 1 mGluRs. In addition, we blocked eIF4F activity by using 4EGI-1 (47, 48, 75) to determine whether the signaling pathway regulating actin dynamics is coupled to a signaling pathway regulating protein synthesis. We performed these experiments with a classic pharmacology cross design by applying DHPG (10 min, 50 mM) and 4EGI-1 (preincubated for at least 40 min, 100 mM) alone or in combination. We found that DHPG significantly increased the phosphorylation of both PAK1/2 and cofilin in wild-type mice and that 4EGI-1 blocked this effect (Fig. 4, A and B) . In contrast, the same DHPG treatment failed to significantly alter the phosphorylation of PAK1/2 and cofilin in FXS model mice (Fig. 4, A and B) . Moreover, 4EGI-1 reduced the phosphorylation of PAK1/2 and cofilin when administered either alone or in combination with DHPG (Fig. 4, A and B) . None of the treatments altered either the amount of tubulin or the total amounts of PAK1/2 and cofilin (Fig. 4, C to E) . Overall, these results indicate that the PAK1/2-cofilin pathway is activated by group 1 mGluRs in wild-type mice, mediated at least in part by eIF4E, but that mGluR-induced activation of the pathway is impaired in FXS model mice. Because 4EGI-1 normalized the basal phosphorylation of PAK1/2 and cofilin in FXS model mice, we asked whether it also could restore the increased F-actin/ G-actin ratio. We found that 4EGI-1 significantly reduced the F-actin/ G-actin ratio in FXS model mice without affecting the ratio in wild-type littermates (Fig. 5, A and B) . Thus, inhibition of eIF4E-eIF4G interactions effectively decreases the F-actin/G-actin ratio and the phosphorylation of PAK1/2 and cofilin in FXS model mice.
The results presented thus far indicated that there is enhanced Rac1-PAK1/2-cofilin signaling in FXS model mice, but it was still unclear how 4EGI-1 normalizes this enhancement as well as the synaptic, structural, and behavioral phenotypes (Figs. 1 and 2) . It was previously proposed that two pools of CYFIP1 exist, one associated with FMRP/ eIF4E (which represses translation of specific mRNAs) and another one where it is bound to Rac1/WRC (which controls actin dynamics) (67, 72, 74) . These complexes are in equilibrium but often compete to bind to free CYFIP1. Thus, we hypothesized that by interfering with eIF4E-eIF4G interactions, 4EGI-1 leads to free eIF4E that may compete with Rac1 to bind CYFIP1 and sequester it from Rac1/WRC. We tested this hypothesis using pull-down assays to determine whether CYFIP1 was preferentially associated with either eIF4E or Rac1 in FXS model mice and whether 4EGI-1 altered these associations. In a first set of experiments performed in hippocampal slices, we found that CYFIP1 was preferentially associated with Rac1 in the FXS model mice (Fig. 5C) , which was correlated with decreased binding of CYFIP1 to eIF4E (Fig. 5D ). Upon administration of 4EGI-1, we found decreased amounts of CYFIP1 bound to Rac1 (Fig. 5E ) and increased amounts of CYFIP1 associated with eIF4E in FXS model mice and their wild-type littermates (Fig. 5F ), which is likely due to the competing effects of free eIF4E on CYFIP1. To determine whether this molecular mechanism is also operating in vivo, we performed a similar set of experiments by dissecting the hippocampi of wild-type and FXS model mice 1 hour after intracerebroventricular infusions of 4EGI-1 (100 mM) and used the dissected tissues for pull-down assays. These experiments were designed to determine whether 4EGI-1 was normalizing or simply changing the interactions between CYFIP1, eIF4E, and Rac1. Similar to what we described above (Fig. 5, C and D) , we confirmed that at steady state, CYFIP1 is more associated with Rac1 ( Fig. 5G ) and less associated with eIF4E ( Fig. 5H) in FXS model mice. Infusion of 4EGI-1 normalizes these interactions by decreasing the binding of CYFIP1 to Rac1 and increasing the association to eIF4E (Fig. 5, G and H) . These results provide a mechanism for how protein synthesis and actin dynamics are regulated to ensure normal synaptic plasticity and behavior in wild-type mice and how these pathways are altered in FXS model mice.
DISCUSSION
Multiple pieces of evidence suggest the involvement of signaling molecules regulating cytoskeleton remodeling and actin dynamics in the structural and synaptic phenotypes displayed by FXS model mice (67, 72, 74) . It has been reported that FMRP and Rac1 are connected in a common signaling pathway and that Rac1 functions are compromised in the absence of FMRP (67, 68) . Moreover, either a dominantnegative form of PAK1, which inhibits PAK activity, or pharmacological blockade of PAK1 rescues structural and behavioral alterations displayed by FXS model mice (69) (70) (71) . Our discovery of increases in Rac1 activity, phosphorylation of PAK1/2 and cofilin, and F-actin/G-actin ratio is in line with previous studies, suggesting an interaction between Rac1 and FMRP (67, 68, 72) . Our results may help to explain why reduction of PAK phosphorylation/activation is effective in rescuing several phenotypes in FXS model mice (69) (70) (71) . It should be noted that in contrast with our findings, a decrease in phosphorylation of cofilin and increased levels of PP2Ac, which is the phosphatase that dephosphorylates cofilin, were reported in murine fibroblast lacking FMRP (68). Wild-type FXS Wild-type FXS The difference between these findings is most likely due to the difference in the models (cell culture versus brain slices) and/or cell types (fibroblasts versus neurons) used in the two studies. In the future, it will be interesting to address whether Rac1-PAK1/2-cofilin signaling is elevated in the brains of FXS patients. We found that activation of group 1 mGluR receptors triggers the activation of the PAK1/2-cofilin signaling pathway that regulates actin dynamics in area CA1 of the hippocampus in wild-type mice. In contrast, when we examined the effect of mGluR activation on the activity of the PAK1/2-cofilin pathway in FXS model mice, we did not observe further increases, suggesting that this signaling pathway is already at plateau. This result is consistent with several previous reports demonstrating the decoupling of mGluRs from downstream signaling pathways in FXS model mice. For instance, baseline phosphorylation of p70 ribosomal protein S6 kinase 1 (S6K1) and eIF4E-eIF4G interactions, which are downstream effectors of the mTORC1 and ERK pathways and link mGluRs to the protein synthesis machinery, are already elevated in FXS model mice and are not stimulated further by activation of group 1 mGluRs (38, 39) . Moreover, stimulation of group 1 mGluRs leads to enhanced hippocampal LTD in FXS model mice but no longer requires activation of ERK and mTORC1, or de novo protein synthesis (27, 82, 83, 88) . Consistent with our findings, it was demonstrated that Rac1-PAK1 activation induced by synaptic activity is defective in the hippocampus of FXS model mice (54) . In this context, our results indicate that the Rac1-PAK1/2-cofilin pathway is altered and uncoupled to group1 mGluR activity in FXS mice, as was previously shown for mTORC1 and ERK signaling, as well as de novo protein synthesis.
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Notably, we found that blocking eIF4E-eIF4G interactions with 4EGI-1, which is increased in FXS model mice (38, 40) , normalizes Rac1-PAK1/2-cofilin signaling (Fig. 4) , synaptic plasticity (Fig. 2) , context discrimination, and spine density (Fig. 1 ) phenotypes in FXS model mice. 4EGI-1 is an inhibitor of cap-dependent protein synthesis, which, by blocking the association of eIF4E with eIF4G, prevents the formation of the eIF4F initiation complex (47, 48, 75, 76) . The effects of 4EGI-1 on Rac1-PAK1/2-cofilin signaling are observed both in the baseline condition for FXS model mice and after DHPG stimulation in both wild-type and FXS model mice, suggesting that interfering with eIF4E-eIF4G interactions is beneficial in the absence of FMRP. From a molecular standpoint, it is possible that these multiple phenotypic rescues mediated by 4EGI-1 in FXS model mice have more than one explanation.
Many of the phenotypes displayed by FXS model mice are rescued by interfering with components of the mTORC1 and ERK pathways, both of which regulate protein synthesis downstream of group 1 mGluRs (39, 41, 43, 44) . For example, either genetically or pharmacologically inhibiting the mTORC1 substrate S6K1 (41, 43) or the ERKdependent phosphorylation of eIF4E (39) can rescue multiple phenotypes in FXS model mice. Notably, eIF4E-eIF4G interactions are enhanced in FXS model mice (38, 40) and both mTORC1 and ERK activation increase the levels of eIF4E-eIF4G interactions to initiate protein synthesis (89) (90) (91) . At the same time, normalization of multiple phenotypes displayed by FXS mice can also be achieved by either genetically or pharmacologically inhibiting the activity of PAK1 (69, 70) .
Our data are consistent with a model describing CYFIP1 as a molecule regulating protein synthesis and actin dynamics by shuttling between the FMRP/eIF4E and Rac1/WRC complexes (9, 67, 72) . Our results indicate that, at baseline, CYFIP1 is preferentially associated with Rac1, possibly in the WRC complex, rather than eIF4E, in FXS model mice (Fig. 6B) . Administration of 4EGI-1 inhibits the association of eIF4E to eIF4G and creates free eIF4E that competes with Rac1 to bind CYFIP1, thus restoring the balance between these signaling pathways (Fig. 6C) . Although the precise molecular details linking the interaction of Rac1 to CYFIP1 (with the effect on PAK1/2-cofilin signaling by 4EGI-1) are unclear, it is possible that Rac1 becomes less effective in activating the downstream PAK1/2-cofilin in the absence of CYFIP1. In the future, it will be interesting to investigate the molecular details of these interactions.
In summary, our results support a model that links dysregulated protein synthesis with altered actin dynamics in FXS, and underscore the importance of a balanced regulation of these two pathways for a normal brain function (Fig. 6) . Moreover, our results suggest an alternative way to counteract the abnormal phenotypes displayed by FXS model mice, which can be pursued by using drugs that normalize both molecular pathways.
MATERIALS AND METHODS
Animals
All procedures involving animals were performed in accordance with protocols approved by the New York University Animal Welfare Committee and followed the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. All mice were housed in the New York University animal facility and were compliant with the NIH Guide for the Care and Use of Laboratory Animals. Male Fmr1 knockout mice and wild-type littermates were used in all experiments. Fmr1 knockout mice and their wild-type littermates were bred and maintained on a C57/BL6 (Jackson Labs) background as previously described (82, 92) . Mice were housed with their littermates in groups of two to three animals per cage and kept on a 12-hour regular light/dark cycle, with food and water provided ad libitum. All the data presented in this study were collected and analyzed with the experimenters blind to genotype and/or treatment.
Biochemistry
Biochemistry experiments were performed on transverse hippocampal slices (400 mm) from 3-to 6-week-old male mice in Figs. 3, 4 , and 5 (A to F) and from 3-month-old male mice in Fig. 5 (G and H) . Pull-down assays, F-actin/G-actin measurements, and Western blots were performed routinely as described previously (9, 72, 92) . Briefly, Western blots were performed from microdissected CA1 hippocampal lysates (presented in Figs. 3, A to G, and 4; four to six slices per sample), whereas in pull-down assays and the F-actin/G-actin experiments, we used whole hippocampal slices (presented in Figs. 3H and 5, A to F; four to six slices per samples). Hippocampal slices were prepared and incubated at 37°C in artificial cerebrospinal fluid (aCSF) for 2 hours as described previously (93) (94) (95) . At the end of this incubation period, the following drugs, or equivalent volumes of vehicle, were bath-applied: DHPG (50 mM; 10 min) and 4EGI-1 (100 mM; 40 min before incubation plus 10 min with either vehicle or DHPG). All the slices were removed from the aCSF and rapidly flash-frozen on dry ice. The tissues were sonicated in 1% SDS and then boiled for 10 min. Aliquots of the homogenate were used to determine the protein content with the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). An equal amount of protein (30 mg) was loaded onto 10% polyacrylamide gels, and proteins were separated by SDS-polyacrylamide gel electrophoresis followed by overnight transfer to polyvinylidene difluoride membranes (GE Healthcare).
The tissues used for F-actin/G-actin experiments were sonicated in a cold lysis buffer containing 10 mM K 2 HPO 4 , 100 mM NaF, 50 mM KCl, 2 mM MgCl 2 , 1 mM EGTA, 0.2 mM dithiothreitol (DTT), 0.5% Triton X-100, 1 mM sucrose (pH 7.0) and centrifuged at 15,000g for 30 min. The supernatant was collected to measure the soluble form of actin (G-actin). The pellet containing the insoluble form of actin (F-actin) was resuspended in lysis buffer plus an equal volume of a second buffer containing 1.5 mM guanidine hydrochloride, 1 mM sodium acetate, 1 mM CaCl 2 , 1 mM adenosine triphosphate, 20 mM tris-HCl (pH 7.5) and incubated on ice for 1 hour with gentle mixing every 15 min. The samples were centrifuged at 15,000g for 30 min, and the supernatant containing F-actin was collected. Samples from the supernatant (G-actin) and pellet (F-actin) were loaded in equal amount and analyzed on Western blots.
Pull-down assays were performed in young (3-to 6-week-old, hippocampal slices) and adult (3-month-old) mice. In the adult mice, hippocampi were dissected 1 hour after intracerebroventricular infusions with 4EGI-1 (100 mM; or an equivalent volume of vehicle) and flashfrozen on dry ice. All the tissues were sonicated in cold lysis buffer containing 150 mM NaCl, 10 mM MgCl 2 , 30 mM tris buffer (pH 8.0), 1 mM DTT, 1.5% Triton X-100, protease and ribonuclease inhibitors. The lysate (500 mg) was incubated with either 20 to 30 ml of PAK-PBD (Cytoskeleton Inc) or m 7 GTP beads (Jena Bioscience) for 2 hours at 4°C. The beads were centrifuged for 1 min at 6000 rpm, and the supernatant was collected. The beads were then washed three times in wash buffer [100 mM KCl, 50 mM tris buffer (pH 7.4), 5 mM MgCl 2 , 0.5% Triton X-100]. Finally, the beads were eluted with 50 to 100 ml of Laemmli buffer and analyzed on Western blots.
The following antibodies were used in the ), cofilin (1:500; Cell Signaling Technology), and tubulin (1:5000; Cell Signaling Technology), which was used to determine the total amounts of the proteins. Additional antibodies included Rac1 (1:2000; BD Transduction Laboratories), CYFIP1 (1:1000; Millipore), eIF4E (1:1000; Bethyl Laboratories), and actin (1:10,000; Millipore).
Slice electrophysiology
All electrophysiology experiments were performed on transverse hippocampal slices (400 um) from 3-to 6-week-old male mice. Slice preparation, aCSF composition, and all mGluR-LTD experiments were performed as described previously (93) (94) (95) . Briefly, DHPG was bath-applied for 10 min at 50 mM (final concentration), 4EGI-1 at least 40 min before incubation at 100 mM, and anisomycin during baseline at 20 mM. 4EGI-1 and anisomycin were maintained in the bath for the duration of the recordings. Similar doses were used previously in experiments of synaptic plasticity in brain slices (33, 38, 48, 96) . DHPG and anisomycin were purchased at Tocris and diluted according to the manufacturing instructions. 4EGI-1 was purchased at Calbiochem/ Millipore and diluted as described in (47, 48, 75, 81) . Vehicle-treated slices received equivalent volumes of the diluents.
Surgery
Adult (3-month-old) male mice received surgery, where cannulae were unilaterally implanted in the right lateral ventricle as described previously (48, 81) . Briefly, mice were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) and mounted on a stereotaxic apparatus. Cannulae (26-gauge; Plastics One) were implanted at the following coordinates: 20.22 mm anteroposterior, 11 mm mediolateral, and 22.4 mm dorsoventral (48, 81) . Mice were given at least 1 week after surgery to recover. Neuroanatomy 4EGI-1 was prepared and infused as previously described (47, 48, 75, 81) . Briefly, infusions of 4EGI-1 (1 ml at 100 mM; or vehicle) were administered over 1 min (0.5 ml/min) (Harvard Apparatus), and injectors remain in the guide cannulae for 2 min after infusion (81) . Mice were sacrificed 24 hours after the infusions, and the brains were rapidly dissected and prepared for the staining procedure using the Rapid Golgi Kit (FD NeuroTechnologies) as previously described (41, 70) . Briefly, brain sections (200 mm) were imaged on an Olympus BX51 light microscope using Neurolucida software (MBF Bioscience) with 100×/ numerical aperture 1.4 immersion oil. Apical dendrites of pyramidal neurons from hippocampal area CA1 located in the stratum radiatum were traced from each animal, and spine densities were measured by counting the number of spines along a 60-mm dendritic segment, at intervals of 10 mm, from traces exported and analyzed using Neurolucida Explorer. Spines were characterized as either immature (filopodia and long thin) or mature (stubby, mushroom, and branched) on the basis of the shape of each spine as previously described (41, 43) .
Context discrimination
Mice were trained in two contexts for two consecutive days: a context in which they received a shock (S+) and a context in which they did not receive a shock (S−). The S+ context consisted of a plexiglass chamber, with metal grid flooring in which a 0.5-mA shock was delivered after 3 min. The S− context consisted of a clear plexiglass chamber, illuminated by a red house light, a white, opaque plexiglass floor that was covered with vanilla-scented bedding; mice spent 3 min in this context, and no shock was delivered. The intertrial interval between context exposures was 1.5 hours. On day 2 of context discrimination, FXS model mice and their wild-type littermates received an infusion of either 4EGI-1 or vehicle 1 hour before exposure to the S− context. 4EGI-1 (1 ml at 100 mM; or equivalent volume of vehicle) was infused over 1 min (0.5 ml/min) (Harvard Apparatus), and injectors remained in the guide cannulae for 2 min after infusion as previously described in (81) . Mice were placed in the S− context (79) 1 hour after the infusions. All groups were exposed to the S+ context 1.5 hours after exposure to the S− context. Freezing behavior to S+ and S− contexts is represented as discrimination index calculated by the percentage of time spent freezing in the S− context divided for the percentage of time spent freezing in the S+ context.
Statistical analysis
Biochemical data (comparing FXS model mice and wild-type littermates) and electrophysiology data (comparing vehicle and 4EGI-1) were analyzed with either Student's t tests or one-sample t tests. Biochemical data with pharmacological treatments and context discrimination data were analyzed using two-way ANOVA, in which DHPG and 4EGI-1 or time and treatment, respectively, were the independent variables, followed by Tukey's post hoc test. Cumulative spine density data were analyzed using two-way ANOVA followed by Dunnett's post hoc test. Outliers were detected with the Grubbs' test and excluded from the analysis.
